Abstract: Site-specific labeling of proteins with fluorescent dyes allows the study of protein structure and function using a wide variety of fluorescent techniques. However, specific labeling is not trivial in the case of proteins containing multiple cysteine residues. An example of such a protein is transcription factor Yin Yang 1, which comprises eight cysteine residues in four C2H2 type zinc fingers in the C-terminal region. Kinetic measurements of the labeling process allowed us to develop preparative labeling of three cysteine residues differently introduced to the N-terminal, disordered fragment of the protein. The protocol developed in the present study allows to prepare the protein with high recovery yield and high selectivity of the labeling. This was confirmed using proteolytic digestion and spectroscopic approach. The labeling process was significantly affected by the presence of zinc ions and was dependent on the localization of the engineered cysteine residue. This is the first known example of the use of cysteine metal protection and labeling (CyMPL) technology for the labeling of protein regions with no stable secondary structures.
Introduction
The exogenous fluorophores are widely used in the protein science, not only because they make it possible to monitor localization of the labeled proteins, but also because they allow to monitor changes in the structure of these proteins. In the first case it is sufficient just to attach a dye to the protein, therefore its location is insignificant, as long as it does not affect the function of the protein. In the latter case, the location of the fluorescence dye is crucial, since the monitored parameters of the structure are usually limited to the microenvironment of the fluorophore. Among others, it is possible to determine the exposure of the fluorophore by direct measurement of the fluorescence emission spectrum of dyes with solvatochromic properties, 1 or by using a fluorescence quenching for fluorophores that do not necessarily have this property. 2 It is possible to determine the rotational dynamics of a macromolecule or its fragments by measuring stationary or time-resolved fluorescence anisotropy. 3 It is also possible to precisely determine the distance between fluorophores using the FRET phenomenon. 4 The great advantage of these techniques is the possibility to conduct experiments for a protein in very low, often subnanomolar concentrations, in solutions containing high concentrations of other components. These techniques are characterized by unusual versatility, which makes their use widespread but still nontrivial. In some cases, as in the FRET measurements, the difficulty is much higher and involves selective labeling in two different locations with different dyes, including one with a yield reaching unity. 5 Fluorescent labeling of proteins is most commonly performed by chemical modification of lysine or cysteine residue. 6 In the case of transcription factors, labeling of lysine residues can lead to loss of protein activity understood as the ability to interact with DNA, due to the charge of the residues, which predestines them to interact with the negatively charged nucleic acid. Such labeling may also lead to changes in protein activity 7 therefore, in transcription factors cysteine residues are modified most often. For a large group of transcription factors zinc fingers are the elements that recognize specific sequence of DNA duplex-often acting in repetitions.
The most common type of zinc finger domain contains two cysteine residues and two histidine residues (C2H2 type). Therefore, proteins comprising zinc fingers, typically contain dozen cysteine residues, which greatly restrict the selectivity of the labeling. Generally, selective fluorescent labeling at a specific residue is a real challenge for proteins containing multiple cysteine residues. It is an issue which requires a specific approach, development of precise reaction conditions, and often modification of the protein sequence. 8 The protein should possess a single cysteine residue that is much more reactive than other cysteines-either natively present in the protein or inserted via directed mutagenesis. The first case is not often encountered in nature and the second is still difficult to predict. 9 Various strategies have been proposed to omit this limitation during last years. One approach assumes usage of cysteine blocking agents, like N-ethylmaleimide (NEM). 10 This compound is suitable for proteins that adapt a specific conformation induced by specific environment condition or interactions with other proteins, 11 or ligand 12 that protects some cysteine residue. In this situation, the unprotected cysteines can be successfully blocked with NEM. After that, initial conformation can be restored by abolishing the interaction with the molecular partner to expose cysteine residue for efficient and selective labeling. A similar strategy can be used when the protein has two cysteine residues in such proximity that both can be selectively protected with phenyl arsenic oxide (PhAsO). 13 Other cysteine residues can then be blocked by NEM or if only one is left, it can be specifically labeled. After reversion of blocking with PhAsO, cysteine residues can be labeled either separately with a fluorescent dye or both together with a dithiol-directed dye. 14, 15 Another related approach takes advantage from disulphide bond formation between closely located cysteines, protecting them against labeling, and leaving a single cysteine on the protein surface untouched. 16 One more strategy, which can be used even for labeling proteins in living cells, is based on addition of a small tetra cysteine tag (sequence: CCPGCC) to the target protein.
The tag can be selectively labeled with Fluorescein Arsenical Hairpin binder (FlAsH). This technology provides a choice of several dyes with different properties. 17, 18 Another strategy is reversible metal protection, also termed cysteine metal protection and labeling (CyMPL) which is based on limited reactivity of cysteine residues involved in metal chelation. A single cysteine is a week chelator, but its affinity to metal ions can be enhanced 10-100 times when additional chelating compound, like histidine residue, participates in the interaction. Therefore, specific structure motifs are used to effectively bind the metal ion, like the zinc finger domain 16 or precisely engineered a-helix or b-sheet 19 secondary structure elements. The presence of chelating agents in solution abolishes the protection and increases cysteine reactivity, making possible specific or dual labeling. The aim of the present work was to obtain human transcription factor Yin Yang 1 (YY1) specifically labeled within its intrinsically disordered region. 1 Great emphasis was placed on the selectivity of fluorescent modifications at the engineered cysteine residue, leaving untouched the remaining eight cysteines that form four zinc fingers localized in C-terminal domain. Here, we present practical aspects and some guidelines to avoid pitfalls of protein labeling, exemplified with model intrinsically disordered protein, YY1.
Results

Protein expression and purifications
In order to selectively modify the fluorescent properties of YY1, three genetic constructs were obtained. Each construct encodes yy1 sequence optimized for expression in E. coli with an additional cysteine codon substituted at various positions of the intrinsically disordered N-terminal fragment of the protein.
Constructs with the following mutations: S14C, A198C, and S226C were obtained using QuikChange method. Protein variants were expressed in E. coli and purified by chromatographic methods, according to previously developed procedures. 20 To optimize labeling conditions, the abovementioned mutations were also introduced into N-terminal fragment of the YY1 (NTF, YY1 residues 1-295). Since NTF does not contain zinc fingers, only single cysteine residue was present in NTF variants. These proteins were also expressed in E. coli and purified by chromatographic methods, according to previously developed procedures. 1 The results of both the fermentation and purification processes of all six variants of YY1 protein do not differ from those routinely obtained for proteins without additional cysteine residues.
Kinetic measurements
To determine the labeling kinetics of the protein variants, stopped-flow method under pseudo-first order conditions was used with excess of protein. In order to clearly describe the labeling of the introduced cysteine residues, the kinetic studies were based on truncated protein versions which did not contain zinc fingers. Typical results demonstrating the labeling process are shown in Figure 1 . Experiments were performed either in the absence of zinc ions or in their presence in the total concentration of 100 lM. For all the mutants, the labeling processes had much slower rates in the presence of Zn 21 ions, indicating a protective nature of the ions on the labeling process. The recorded traces fit well to a single exponent (Fig. 1) , and the observed rate constants calculated from the formula [Eq. (1)] linearly depend on the protein concentration (Fig. 2) , as expected for a single site for chemical modification.
For experiments conducted in the presence of zinc ions, deviations from linearity were observed if the concentration of the protein was >10 lM. Under such conditions the observed reaction rates were higher than expected. Since, in all samples, the concentration of Zn 21 Figure 3 . For both series of measurements, increase in the zinc ion concentration caused a decrease in the reaction rate. Normalized results overlap perfectly and flatten out with an excess of zinc ions over the protein molecules of about 15-20 times. Such excess of zinc ions can be considered as required to maintain the protection of the labeled cysteine residue.
In the view of the above observations, interpretation of the kinetic rate constants under the protection of the zinc ions, is limited to the concentration of the protein, with appropriate excess of the ligand is provided. Therefore, the obtained kinetic parameters are based on linear regression for zinc ion concentrations up to 10 lM, for example, where the linear relationship is observed (Fig. 2) . The obtained results, based on the linear regression, are shown in the Table I. In case of labeling the full length YY1, covalent modification of cysteine residues forming the zinc fingers may be possible. In order to determine the kinetics of this process an analogous to abovementioned measurements was performed, using full length wild type YY1 instead of engineered forms of NTF. In this case also monoexponential traces were recorded. The observed rate constants are linearly dependent on the protein concentration, as shown in Figure 4 .
The same analysis allowed to determine the rate constants of the labeling of wild-type YY1, presented in the Table I . The obtained values allowed to determine the selectivity of the labeling of each introduced cysteine residues, understood as the ratio of the labeling rate for respective single-cysteine NTF variant and the wild type full-length protein.
Optimization of preparative labeling
The labeling process was conducted in three different buffers: (1) basic -with low ionic strength (100 mM NaCl) and without zinc ions, (2) buffer with ionic strength increased to 400 mM, and (3) in the presence of zinc ions (100 lM ZnCl 2 ). Efficiency of the labeling, determined using spectrophotometric method, is shown in Figure 5 . As expected, the wild type protein was labeled with much smaller efficiency than any variant with additional cysteine residues. The results of largescale labeling also show that zinc ions significantly inhibit labeling efficiency of variants S14C and S226C, for both YY1 and NTF, but has no effect on A198C variants. With Zn 21 , labeling of YY1 S14C and YY1 S226C is 2.5 times less efficient than for appropriate NTF variants. Increasing ionic strength had no significant effect on NTFs, but it decreased labeling efficiency for all YY1 variants, which was especially apparent for the S226C variant. Determined selectivity in the given conditions are shown in Figure 6 . Since high salt concentration decreased labeling efficiency in the most significant manner for the wild type protein, it improved labeling selectivity of YY1 engineered residues versus the zinc fingers domain. Therefore, the best labeling selectivity of engineered cysteines occurred in the buffer containing 400 mM NaCl for all YY1 variants and reached 6.5, 6.1, and 3.7 in case of S14C, A198C, and S226C mutants, respectively. Presence of Zn 21 ions significantly decreased labeling selectivity in case of S14C and S226C variants and had no significant influence on A198C.
Carrying the labeling procedure in nonreducing conditions may lead to low recovery yields. It is particularly important to measure the yield after labeling and separation of the residual unbound dye. The obtained results are presented in Figure 7 .
Recovery yield of proteins during the labeling procedure was in range of 40-80%, lower for the full length proteins than for the NTFs. It may result from protein aggregation, which was observed mostly for YY1 mutants and mainly when Zn 21 was present. This effect may result from the abovementioned oxidation of cysteine residues in the zinc fingers in the absence of DTT. Accordingly, protein recovery yield was highest for NTF variants and was comparable in all tested conditions (73%), while recovery yields of YY1 variants were significantly lower (54%) and more diverse. 
Labeling selectivity verification
To verify the specificity of the fluorescence labeling, limited proteolysis was applied with use of trypsin and protease V8. Samples of labeled proteins were subjected to proteolytic digestion. Pattern of the labeled peptides was analyzed using Tris-Tricine-SDS-PAGE (Fig. 8) .
Depending on the location of the engineered cysteine residue as well as the enzyme used for the proteolysis, different pattern of bands was obtained. However, for each introduced mutation an identical pattern was obtained, regardless whether full-length or NTF protein was digested.
To further confirm the selectivity of the labeling, apparent fundamental anisotropies (r app 0 ) of fluorescein maleimide were determined, by measuring the fluorescence anisotropy in function of viscosity (obtained with increasing concentrations of glycerol). Measurements were performed for all YY1 and NTF variants in two NaCl concentrations: 100 and 500 mM. For each mutation, the measured fluorescence anisotropies of the dye were higher for YY1 than for appropriate NTF mutants. Additionally, the differences between the r app 0 values were greater in lower salt concentration. Apparent fundamental anisotropies (r app 0 ) were calculated for each mutant from Perrin plot as a y-interceptions of the linear fits (Fig. 9) .
Values of r app 0 depended significantly on the localization of the introduced cysteine, but all were close to the value known for fluorescein and its derivatives, equal to 0.2. 21 These values depend also on the ionic strength of the buffer but in the given conditions were equal for YY1 and NTF bearing A198C and S226C mutations (Table II) .
Discussion
Selective labeling of a single cysteine residue or dual labeling within multicysteine proteins is a challenge, especially if the remaining cysteine residues are reactive and should remain in reduced form after labeling. In case of globular proteins, it may be slightly easier if some of the cysteine residues are located within the core of the protein structure, Uncertainty of protection and labeling selectivity was calculated from the error propagation law. The statistical significance for Zn 21 presence at k 1 was evaluated by two sample T-test. The following symbol was used ***P < 0.001. The statistical significance of Zn 21 presence for labeling selectivity was calculated, and the following symbol was used: bbb r dif >3. r dif was calculated from the error propagation law. of labeling efficiency. The statistical significance was evaluated by two sample T-test. The following symbols were used: **P < 0.01, ***P < 0.001 for the comparison of YY1 and NTF mutants versus YY1 wt at corresponding condition; 111P < 0.001 for the comparison of buffers compositions versus standard buffer (100 mM NaCl) at corresponding protein variants.
which renders them inaccessible for the dye. 8, 22 For surface cysteines, reactivity does not depend only on the steric effect, that is, on the accessibility of the dye, but also on electrostatic interactions between the reactive cysteinyl anion and the adjacent amino acids. 11 Reactivity of the cysteine residues can also be affected by metal coordination, which effectively protects it from labeling. 16, 19 This situation occurs naturally in proteins containing zinc fingers. Human transcription factor YY1 investigated in the present study belongs to this group. Due to the lack of cysteine residues other than those involved in the formation of YY1's four zinc fingers, it was necessary to introduce additional cysteine residues for the labeling of YY1 protein without loss of its activity. YY1 contains multiple cysteines and is prone to disulphide bond formation and aggregation during preparation under non-reducing conditions. For such multicysteine proteins, use of reducing agents is usually inevitable. In such case, it is better to use a fluorescence dye containing a maleimide group rather than iodacetamide, since the former compound has a lesser tendency to complex with reducing agents. Thus, fluorescent labels with maleimide functional groups have been used for YY1 variants. Among the commonly used reducing agents such as DTT, BME, or TCEP, the latter is most suitable since it scarcely reacts with maleimide group. However, if possible, it is recommended to avoid any reducing agents. On the other hand, formulations of proteins with zinc fingers typically contain few micromolar concentration of DTT or TCEP, or few times higher concentration of BME, which prevents oxidation of cysteine residues and hence loss of Zn 21 coordination. A typical formulation of YY1 has DTT at a concentration of 2-5 lM, 20 which prevents direct labeling in such conditions. However, coordination of the metal ions by cysteine residues may be sufficient to prevent efficient formation of cystines or complexes with the dye, also in the absence of the reducing reagent.
Preliminary studies of protein labeling
At the beginning of the optimization of labeling conditions we assumed that cysteine residues in the zinc fingers domain can be protected by Zn 21 coordination according to CyMPL idea. Thus, presence of Zn 21 ions in the buffer should stabilize the zinc fingers domain and prevent the native cysteine residues from nonspecific labeling. 16 Unfortunately, under such conditions, the engineered cysteines 14 and 226, in full length YY1 were not labeled specifically enough as compared with the zinc fingers domain. Further protection of the zinc finger cysteines could be obtained during nucleoprotein formation before the labeling process, due to expected stabilization of the zinc fingers and restricted access of the dye. However, the accomplished experiments shown no anticipated effect. Additional stabilization did not occur and labeling of the zinc fingers was not further restricted after formation of complex with DNA (data not shown). On the other hand, removing excess Zn 21 from buffer or increasing ionic strength improved labeling efficiency and selectivity. The effect of the zinc ions on the labeling efficiency of the cysteine residue localized in flexible disordered region of YY1 was totally unexpected in comparison to the cysteines localized within the zinc fingers domain. Therefore, more systematic study was required for selective labeling of the YY1 variants.
Labeling kinetics
In order to thoroughly study the labeling of the protein variants, we investigated the kinetics of the process. The progress of reaction was monitored by MIANS fluorescence intensity change-solvatochromic fluorescent dye. MIANS quantum yield essentially depends on the hydrophobicity of the microenvironment, therefore its covalent binding to a protein increases its fluorescence intensity. The results of the experiments were consistent with expectations and significant c.a. 2-fold increase in the fluorescence intensity was observed for all studied proteins. In all cases, a monoexponential model of intensity change was superior, as can be judged from the normalized variance and residual distribution analysis. Addition of a second exponent did not improve the goodness of the fit. Experiments performed in pseudo-first order conditions for several concentrations of the NTF variants allow for direct interpretation of the results. The dependence of the observed rate constants of the protein concentration allowed for the determination of the association rate constant (Fig.  2) . Kinetics experiments were performed in the presence of 100 lM zinc ions and in its absence for all NTF variants. For NTF the fastest labeling was observed in position 198, then slightly slower in position 226 and the slowest in position 14 ( Table I) . The presence of zinc ions causes a significant decrease in the labeling rate for all the investigated variants, however, the protection was different for each locations. The greatest protection, was observed for position 14, while the smallest, but still very significant for position 198 (Table I ). To maintain protection, it is necessary to use an appropriate excess of zinc ions. It clearly indicates a deviation from the linear relationship visible for higher concentrations of protein (Fig. 2) . Higher than expected rate of reactions testify only partial protection occurrence in those cases. The additional measurements performed for the fixed concentration of the protein and varying concentrations of zinc ions (Fig. 3) confirmed these findings and indicate the indispensability of a 10-15-fold excess of the total concentration of zinc ions over the protein concentration in order to provide mentioned maximum protection.
The kinetic experiments were based on the Nterminal fragments of the YY1 protein with a single cysteine residue located in different positions. In case of the full-length protein, the number of cysteine residues increased to 8, due to the presence of four zinc fingers of C2H2 type. Although the cysteines adopted a reduced form, they were unreactive due to coordination of zinc ions. 16 However, they may be subject to labeling if Zn 21 coordination was lost. In order to evaluate the efficiency of this process, we performed kinetic experiments based on the full-length wild-type protein. As can be seen in Figure 4 , zinc fingers were also subject to labeling, however the kinetics of this process was at least several times slower than for the engineered cysteines. Similarly to NTF, a monoexponential model of intensity change was also superior for the full-length protein, in all cases. In the absence of Zn 21 ions, the best selectivity, equal to 8.2 was observed for A198C variant, then 7.2 for S226C, and the worst, 3.9 was observed for S14C. As expected, the presence of zinc ions affected wildtype YY1 and made labeling of the cysteine residues located in zinc fingers dozen times slower. Since the presence of zinc ions protected the labeling much more effectively for the engineered cysteines 14 and 226 than for the cysteine residues naturally occurring in zinc fingers, the labeling selectivity decreased under these conditions, approximately 5-and 3-fold, respectively. On the other hand, 198C was protected by Zn 21 less than the native cysteines, therefore selectivity of the labeling for that mutant increased 2-fold under these conditions. The observed protection of the labeling is quite easy to interpret in case of the wild-type protein, since it can result from the zinc fingers structure stabilization by the zinc ions and thereby protection of the cysteines against chemical modification. On the other hand, inhibition of labeling of the cysteine residues located within the disordered region of YY1 is not trivial, and has not been demonstrated before (to the best of our knowledge). However, the effects of metal binding by the IDRs (Intrinsically Disordered Regions) have been presented. The most common residues involved in the metal binding except cysteine are histidine, aspartic acid and glutamic acids. 23 In our case, the observed protection may have resulted from the formation of a complex between Zn 21 and histidine-rich or acidic regions of YY1. Stable local structures in the vicinity of the engineered cysteine residues may prevent the access of the dye, or may prevent the cysteines from a direct involvement in the coordination of a zinc ion. Regions particularly rich in residues which may complex zinc ions include the histidine cluster located in positions 65-80, or acidic residues abundantly present in a dispersed manner throughout almost entire NTF. Contribution of the latter residues can be particularly important in cysteine protection, since significant inhibition of labeling was observed at positions 14 and 226 but not at 198, and only the former two have acidic amino acid residues located nearby.
Preparative labeling
The kinetic results allowed to propose a method of specific labeling of the engineered cysteine residues within the full length protein. A significant difference in the rate of labeling of these cysteines in relation to the naturally occurring cysteines within the zinc fingers, denoted as selectivity in Table I , makes a short labeling time convenient. It is worth noticing that a minor molar excess of the dye above the protein provides a strong competition between the cysteines, further contributing to high specificity of the labeling. Based on these assumptions, preparative labeling was performed with merely 2-fold molar excess of fluorescein maleimide over the protein and shortly-merely 1 min at 378C. Optimization of the preparative labeling was performed using both full length and truncated version of YY1 variants. Surprisingly, labeling efficiency of cysteine variants was significantly higher for NTFs than for YY1s, regardless of the location of the engineered cysteine residue and labeling conditions, despite the full-length protein contain zinc fingers, which are (may be) also subjected to labeling. These observations may indicate the presence of interactions between the N-and C-terminal fragments of YY1, as postulated previously. 1, 24 Such interactions can restrict the access of the label to the introduced cysteine residues. The labeling process was conduct in three different buffers: a basic-with low ionic strength (100 mM) and without a zinc ion, with an increased to 400 mM ionic strength, and in the presence of zinc ions. The labeling selectivity of engineered cysteines versus cysteines located within the zinc fingers of YY1 are shown in Figure 7 , while labeling efficiency and protein recovery yield are shown in Figures 6 and 8 , respectively. The obtained results of preparative labeling correspond very well with the kinetic analysis of the process (Table I) . Especially the presence of zinc ions decreased the selectivity of cysteine labeling at positions 14 and 226, but increased it at position 198 (see Table I ). Interestingly, the selectivity of the labeling, which was dependent on the presence of zinc ions, was different for each location of the engineered cysteine residues. In the presence of zinc ions, labeling selectivity of 198C versus 14C was 21, and about 6 for A198C versus S226C. The first value indicates higher selectivity of the labeling of 198C versus 14C than between 198C and cysteines forming the zinc fingers. This selectivity is very promising for development of the dual fluorescence labeling using CyMPL.
It is also worth noting that the obtained yields are acceptably high and the optimized labeling conditions can be used as standard preparative procedure.
Labeling selectivity verification
All reported experiments show a high efficiency and high selectivity of labeling of the engineered cysteines. But the results also indicate that labeling of cysteine residues forming the zinc fingers is not negligible, although much less effective. In order to verify the occurrence of this unwanted effect during the preparative process, we conducted experiments showing the location of the conjugated dye.
Applying proteolytic digestion to the labeled full-length and NTF proteins, different patterns were observed. However, for a given condition, patterns for the full-length protein and its NTF were identical. Lack of additional bands for the full length protein indicates unnoticeable modification of its Cterminal fragment, hence the high selectivity of the labeling process at the introduced cysteine residues. In contrast, bands for the engineered proteins are completely different from the bands obtained for the wild-type protein, which strongly confirms the previous conclusions.
For further evaluation of labeling specificity, apparent fundamental anisotropies (r app 0 ) were determined for all used variants of proteins. Values of r app 0 reflect the residual freedom of rotation of the fluorescent dye, therefore they are characteristic for the location of the label. Since the presence of the Cterminal domain did not affect these values, it once again confirms that the only possible location of fluorescence labeling is the engineered cysteine, but not the cysteines within the zinc fingers. The only exception was the S14C mutant, when r app 0 values were greater for NTF than for YY1 in both tested salt concentrations. This discrepancy may indicate direct interactions between the N-and C-terminal fragments of YY1, which have been postulated previously. 1, 24 The difference of the r app 0 values observed only for this mutation may indicate that the vicinity of the S14 residue is involved in the intramolecular interaction.
Materials and Methods
Cloning
Codon-optimized plasmids encoding human YY1 (YY1, preceded by the MGSSHHHHHHSSGLVPRGSH sequence) were obtained as previously described.
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YY1's tagged N-terminal fragment (NTF, residues 1-295 preceded by the MGSSHHHHHHSSGLVPRGSH sequence) was cloned with NcoI and XhoI sites in the pET28a vector (Novagen, Germany). The following YY1 and NTF mutants: S14C, A198C, S226C were obtained by QuikChange cloning technique.
Protein expression and purification
Wild type and cysteine mutants of YY1 and NTF were purified as described earlier. 1, 20 In summary, both YY1 and NTF were expressed in E. coli Rosetta2(DE3)pLysS (Novagen, Germany) cells. The cells were lysed in buffer containing 6 M guanidine hydrochloride. After lysis, the protein solution was applied to Ni-NTA resin under denaturing conditions. Proteins were eluted with 500 mM imidazole, pooled, and stored at 2808C until refolding.
Refolding of YY1 variants
Before refolding, YY1 concentration was adjusted to 3 mg/mL. EDTA and DTT were added to 10 and 100 mM, respectively, and the sample was incubated at 608C for 30 min. Refolding was performed by three steps of dialysis into buffer without a denaturing agent (25 mM Tris, 100 mM NaCl, 10 mM MgCl 2 , 5 mM DTT, 0.1 mM ZnCl 2 , pH 8.5 at 48C). The refolded proteins were applied to DNA-affinity chromatography in native conditions. The fractions were eluted with 430 mM NaCl and then pooled. 3 mg of YY1 were concentrated to 0.5 mL with Pierce TM 20ml 20K MWCO Protein Concentrators 87751
and then applied to 5 mL HiTrap desalting column (Sephadex G-25 Superfine, GE Healthcare, U.S.A.), equilibrated with the final labeling buffer (25 mM Tris, 100 mM NaCl pH 7.9 at 258C or similar buffer with NaCl concentration increased to 400 mM). c.a.
2 mL of fraction with maximum absorption at 280 nm was collected for further preparation.
Refolding of NTF variants
NTF was concentrated to 10-20 mg/mL. After addition of EDTA to 20 mM and DTT to 10 mM, the sample was incubated at 808C for 60 min, then 0.5 mL fractions were applied to size exclusion chromatography (SEC) on Superdex 200 10/30 column equilibrated with final labeling buffer. Concentration of YY1 and NTF variants were determined by Bradford method.
Stopped-flow fluorescence measurements
Kinetic experiments were performed in the following buffer: 25 mM Tris, 400 mM NaCl, pH 7.5 at 378C on a SX-17 MV stopped-flow spectrophotometer (Applied Photophysics, United Kingdom) in two syringe mode at 37 6 0.28C, after 10 min incubation before syringe shots. The dead time of mixing was determined to be <2 ms. The progress of labeling was monitored by the increase in MIANS fluorescence observed through a 395 nm cut-off filter with excitation at 330 nm. The mixing volume ratio was 1:1. Final protein concentration was in 1-18 lM range, while MIANS concentration was set to 0.1 lM. One thousand data points were acquired in each stopped-flow trace, and background measurements were carried out at the beginning of each experiment. Experiments were performed with excess of one of the reagents, that is, under pseudofirst-order conditions in which the concentration of binding sites of one substrate was >10-fold greater than that of the second one. Kinetic traces were fit using software supplied by Applied Photophysics to a single exponential decay.
where F is the fluorescence intensity at time t, DF, and k obs are the amplitude and observed rate constant, respectively, and F 1 is the fluorescence at infinite time. The validity of the fitting was evaluated by inspection of residuals and normalized variation parameters. Three to five independent measurements were made for each protein concentration. The observed rate constants were averaged.
Preparative fluorescence labeling
Labeling was performed in three separate samples for YY1 and NTF variants under all used conditions. Each sample was divided into three replications, 0.5 mL each. Labeling was performed in the following buffer: 25 mM Tris pH 7.5 set at 378C with three types of additives: (1) 100 mM NaCl, 0.1 mM ZnCl; (2) 100 mM NaCl or, (3) 400 mM NaCl. Labeling was performed for 1 min at 378C with mixing 
Limited proteolysis
Trypsin (Sigma Aldrich, U.S.A.) and proteinase V8 (Biocentrum, Poland) stock solutions were prepared by dissolving the commercial powders in ddH 2 O to a final concentration of 0.2 mg/mL; the stock solutions were stored at 2808C. Reactions were carried out at Tris-HCl 25 mM, NaCl 400 mM pH 7.5 set at 378C. The enzyme:substrate ratio was 1:10 (w/w). After O/N incubation, SDS-PAGE loading buffer was added, followed by immediate boiling for 5 min. Fluorescein maleimide (2.5 pmol) was added to each well containing according YY1 labeled variant. The unstained Protein Molecular Weight Marker #SM0431 (Fermentas, Lithuania) was used. Samples were separated by SDS-PAGE according to Sch€ agger and von Jagow 26 technique using the Mini-Protean Tetra Cell electrophoresis system (BioRad) with 20% polyacrylamide/bis (29:1) gel. The gels were visualized with fluorescence scanner typhon trio1 variable-mode imager (GE Healthcare, U.S.A.) controlled by typhon scaner controler v5 5.0.0409.0700. The following scan parameters were used: blue 488 nm excitation laser, 520 nm emission filter, normal sensitivity, PMT in range 300-500V, pix size 50 microns, focal plane 13mm. The molecular weight marker was also scanned with Image Scanner III (GE Healthcare, U.S.A.). The images were overlaid.
Anisotropy measurements
Fluorescence anisotropy measurements of labeled YY1 variants were performed at 0.1 lM concentration, at 258C in buffer: 25 mM Tris, pH 7.9 set at 258C, with NaCl concentration 100 or 500 mM, and glycerol in range 0-50%, using the Fluorolog 3-12 L-Format spectrofluorometer (Horiba Jobin Yvon, France). Fluorescein was excited at 490 nm and fluorescence emission was observed at 520 nm with both slits width set in 4-8 nm range, allowing to obtain optimal signal level. Values of r app 0 were obtained from interception values of linear fit made in Origin PRO 8.1 to obtained 1/r(1/g) plots. 21 Three independent measurements were made for each of the three independent samples. The observed r app 0 values were averaged, the errors were estimated as the S.D. of the fitted parameters calculated from the error propagation law.
Conclusions
Measurements of the YY1 labeling kinetics indicated the possibility of selective labeling of cysteine residues introduced into the N-terminal, intrinsically disordered fragment of the protein. Protocol has been developed for the fluorescence labeling in preparative scale. The optimized procedure allows for selective labeling, despite the presence of reduced cysteines forming the zinc fingers in the remaining part of the protein, which was confirmed using proteolytic digestion and spectroscopic approach. Three investigated locations of engineered cysteine residues vary significantly in terms of the labeling kinetics. The presence of zinc ions inhibits the labeling of particular cysteine residues in a significant manner, differently for each location. Although all the experiments concerned the YY1 protein, frequent occurrence of the disordered regions and zinc fingers in many transcription factors 27 gives a broader meaning to the obtained results, and YY1 can be treated as a model protein.
The presence of regions that can modify the labeling kinetics, that is, rich in histidine or acidic residues-capable of coordinating metal ions, may be used to provide selective or double labeling. Labeling of the disordered regions, which are highly flexible and dynamic, provides the possibility for unhindered rotation of the label, which makes it especially attractive in a number of applications, for example for FRET measurements, where it provides appropriate j 2 value, allowing for direct measurement of distances.
